Results of several experiments are presented to demonstrate that there is a time-dependent buildup of interface states in hardened dry oxides following pulsed LINAC irradiation and to establish the field and dose dependencies of the interface-state buildup in these dry oxides. These results suggest that the same mechanisms are responsible for the interface-state buildup in both wet-grown and dry-grown oxide capacitors, the major difference being that the magnitude of the buildup in a hardened dry oxide is considerably smaller than that in a hardened wet oxide. For several lots of wet-grown and dry-grown oxide capacitors no increase in interface states was observed following exposure to a neutron fluence of 1013 n/cm2.
Introduction
Radiation-induced interface states in SiO2/Si MOS systems continue to be an important and active area of research in the electronics industry and radiationeffects community. As part of our program to develop a model for the buildup of radiation-induced interface states, our group has performed detailed characterizations of interface-state buildup in hardened wet-grown and soft dry-grown oxide capacitors. In prior studies,1'2 we have reported a time-dependent buildup of interface states and have characterized the buildup's dependence on field, dose, and temperature. In summary, we found that the buildup of interface states in wet-oxide MOS capacitors under positive bias is a two-stage process. The first stage, which occurs during the time required for holes to transport to the SiO2/Si interface, determines the final or saturation value of interface states and was found to be field dependent and temperature independent. The second stage, which begins after the holes have reached the SiO2/Si interface and continues for several thousand seconds, determines the time scale for the buildup and was found to be both field and temperature dependent.
Although we have observed and reported on a timedependent buildup of interface states in wet-oxide and soft dry-oxide capacitors, until recently we had not observed a time-dependent buildup of interface states in a hardened dry oxide following pulsed LINAC irradiation. The question arose as to whether the generation of interface states in a hardened dry oxide was instantaneous with the radiation pulse, or whether the experimental procedures we had used in the past were not sufficiently sensitive to detect a time-dependent buildup of interface states. Possible experimental difficulties arise from the very nature of making a time-dependent measurement of interface states at room temperature, where it is necessary to deliver an adequate dose to the sample to produce observable changes in AN in less than 1 s, while avoiding problems of space charge and heating. Specifically, for the hardened dry oxide at room temperature this is not possible since the dose required to produce clearly observ- 
Samples and Experimental Approach
The "hardened"4 MOS capacitors used in these experiments were supplied by Hughes Aircraft Corporation and consisted of dry-grown SiO2 layers on <100> n-type silicon substrates with carbon-crucible-source vapordeposited Al gate electrodes. The dry oxide was thermally grown at 1000°C to a 910-A thickness and was not annealed.
The pulsed irradiation experiments were performed using the electron linear accelerator (LINAC) at the Armed Forces Radiobiology Research Institute. The LINAC produces a nominal 13-MeV 1-A electron beam with a pulse width of 4 ps and a typical dose of 50 to 200 krad(SiO2) per pulse depending on LINAC-to-sample geometry. Steady-state 60Co irradiations were performed using a 20-kCi (-600 rad(Si)/s) source at the Harry Diamond Laboratories. High-frequency 1-MHz capacitancevoltage (C-V) traces were taken at 77 and 295 K before and after pulsed or steady-state irradiations. The room temperature C-V traces were digitized and analyzed by the Terman technique. The resulting distributions of interface states were integrated over a portion of the Si band gap from 0.3 eV below to 0.3 eV above midgap to provide single values, N (cmn2), of interface states in the sample as functions of experimental parameters. The 77-K C-V traces were analyzed to determine Ns (cmn2) in the mid 0.7 eV of the Si band gap by using the Jenq technique (see discussion immediately below); the traces were also analyzed for the presence of lateral nonuniformities.5 For the samples used in this work, lateral charge nonuniformities were found to be small.
A new experimental approach was employed to observe a time-dependent buildup of interface states in a hardened dry oxide. The new approach used a technique developed by Jenq6 for measuring interface states at liquid nitrogen temperature (77 K). The Jenq technique is illustrated in Fig. 1 , where a set of C-V traces measured at 77 K (curves 1 and 2) is shown along with a ideal deep-depletion curve calculated at 77 K (curve 3). In this technique a sample at room temperature is biased into accumulation to charge acceptor states in the Si band gap while its temperature is lowered to 77 K. A C-V trace is then taken by sweeping the bias from accumulation into deep depletion in the dark (curve 1). The sample is held in deep depletion (point A) and illuminated with visible light to generate minority carriers and charge donor states (point B). A C-V trace is then taken by sweeping the bias from inversion into accumulation in the dark (curve 2). The voltage shift, AV, between the lower part of curves 1 and 2 in the region where they are parallel to the ideal deepdepletion curve is a measure of N (cm-2) for those interface states which are 0.21 eV away from both the conduction and valence band, i.e., in the mid 0.7 eV of the Si band gap. It was assumed that electrons and holes in these states have emission time constants sufficiently long (>10 s) that they are essentially frozen in these states during the time period required for taking C-V traces. ox tric permittivity, thickness, and capacitance, respectively, and q is the electronic charge.
In the experiment discussed in this paper, C-V traces were initially recorded at 295 and 77 K in order to calculate the preirradiation value of interface states by using the Terman and Jenq techniques, respectively. In order to produce observable changes in AN while avoiding problems of space charge and heating, the sample was then irradiated at the LINAC to a dose of 20 Mrad(SiO2) at 77 K and with an applied field of 5 MV/cm. The advantage of irradiating at high field and low temperature is that at 77 K, radiationgenerated holes still transport fairly rapidly through the oxide,7 but the strongly temperature activated interface-state buildup is inhibited.1"2'6 -As shown in previous work,2 transport Owing to the strong temperature dependence of the interface-state buildup, it was then necessary to raise the sample temperature to observe a buildup. The temperature was raised in -20 min to 295 K at a reduced field of 0.5 MV/cm. The reduced field is used to slow down any buildup during the warmup. (It had been previously established for wet-grown and soft dry-grown oxide capacitors that the rate of the interface-state buildup is strongly field dependent, with the rate decreasing as the applied field is decreased.2) Once the sample was at room temperature, the field was abruptly switched to 5 MV/cm and C-V traces were generated periodically out to 2000 s (after the bias switch) in order to observe any time-dependent N buildup. Finally, at 2000 s, a set of 77-K traces was taken in order to obtain the saturation value of interface states.
Experimental Results and Discussion
In Fig. 2 Also included in this figure is the dose dependence for two additional lots of samples designated HK10 and SA17; HK10 is a wet-grown oxide supplied by Hughes Aircraft Corporation and SA17 is a dry-grown oxide supplied by Sandia Labs. ANs in these oxides also follows a D2/3 dependence, suggesting that this dose dependence is universal in nature, independent of oxide type (wet or dry) and applied field.
of the interface-state buildup on field was independent of the source of ionizing radiation (LINAC or 60Co (Fig. 3) as was previously reported for hardened wet oxides, and (3) the same *nsity, qualitative dependence of interface states on applied tt-'field (Fig. 4) a gamma-to-neutron ratio of 2.21 x 10-10 rad(Si)/n/cm2, and sulfur dosimeters were used to determine the fluence level for a given exposure. Each sample lot was irradiated with an applied field of 0 and ±2 MV/cm. We measured C-V traces before and after irradiation and observed no shift or increase in distortion of the traces. Our measurements clearly show that the increase in surface recombination velocity reported by Srour et al was not due to an increase in interface states at the SiO2/Si interface, but probably to neutron-induced damage in the Si depletion region.
